Depression is associated with vascular disease, such as myocardial infarction and stroke. Pharmacological treatments may contribute to this association. On the other hand, Mg 2ϩ deficiency is also known to be a risk factor for the same category of diseases. ]i) was measured using 31 Pnuclear magnetic resonance (NMR) in porcine carotid arteries that express both TRPM6 and TRPM7, the latter being predominant. pHi and intracellular phosphorus compounds were simultaneously monitored. To rule out Na -permeable channels presumably through a direct effect on the channel domain. This inhibitory effect appears to contribute, at least partially, to the link between antidepressants and the risk of vascular diseases.
Introduction
Psychiatric disorders are associated with brain and heart diseases caused by ischaemia [1] [2] [3] [4] . Epidemiological studies suggest that some behavioural factors of depressive disorders especially physical inactivity make a major contribution to this association [5] . Also, in the genetic aspect, malfunction of cell signalling, such as reduced serotonin transport caused by polymorphisms of this transporter gene, can affect not only the mental condition but also numerous peripheral functions, including platelet aggregation in blood vessels [6, 7] . Furthermore, pharmacological treatment can also affect vascular muscle contractility. Tricyclic antidepressants, such as imipramine, are known to have a number of unwanted side effects in addition to inhibition of serotonin and noradrenaline reuptake [8, 9] . Mg 2ϩ deficiency is a well-known risk factor for vascular disease [10] [11] [12] [13] , and higher Mg 2ϩ intake is recommended to prevent arteriosclerosis and hypertension. Lines of evidence have recently suggested that two isoforms of melastatin-type transient receptor potential (TRPM) isoforms, such as TRPM6 and TRPM7 act as Mg 2ϩ -permeable channels, and play essential roles in Mg 2ϩ homeostasis [14, 15] . TRPM6 and TRPM7 channels were initially thought to share roles of Mg 2ϩ homeostasis by cell-and tissuespecific expression of either isoform [16, 17] . However, recent ]i) was measured using 31 Pnuclear magnetic resonance (NMR) in porcine carotid arteries that express both TRPM6 and TRPM7, the latter being predominant. pHi and intracellular phosphorus compounds were simultaneously monitored. To rule out Na -permeable channels [18] [19] [20] . In the present study, we applied 31 P-NMR to examine the effects of imipramine on Mg 2ϩ -permeable channels in the pig carotid artery, which is frequently used as a model to evaluate arteriosclerotic changes, and expresses both TRPM6 and TRPM7 despite a predominant expression of the latter [21] . We found that imipramine considerably attenuates transmembrane Mg 2ϩ transport driven by the concentration gradient. The inhibitory effect of this drug on Mg 2ϩ influx was comparable to the effect of 2-aminoethoxydiphenyl borate (2-APB), a well-known blocker of TRPM7 [22] , but was much more potent on Mg 2ϩ efflux. We discuss a possible scenario how tricyclic antidepressants and vascular diseases are associated via TRPM-like channels and Mg 2ϩ homeostasis.
Methods Preparation
Porcine carotid arteries were collected at an abattoir. The arteries were stripped of fat and connective tissue, and cut into segments of approximately 30 mm in length. After removing the endothelium by rubbing with cotton tips, pig carotid artery strips (~2 g wet weight) were mounted in a sample tube of 10 mm in diameter [23, 24] . This study was registered, and all procedures for sample collection and preparation were approved by the institutional committee of animal experiments.
P-NMR measurements
The methods employed for the 31 P-NMR measurements were essentially the same as those previously described [21] . An NMR spectrometer (UNITY-500plus: Varian, Tokyo, Japan) was operated at 202.3 MHz. The temperature of the sample was maintained at 32ЊC. Radio frequency pulses corresponding to a flip angle of 30Њ were applied every 0.6 sec. Concentrations of phosphorus compounds were estimated by integrating the peak areas (Scion image; Scion Corp., Fredrick, MA, USA) and by correcting with their saturation factors (Pi, 1.60; PCr, 1.36; ␤-ATP, 1.07).
Estimation of [Mg 2ϩ ] i and pH i
Intracellular pH (pHi) was first estimated from the chemical shift observed for the Pi peak (␦o(Pi)) using a Henderson-Hasselbalch type equation: ]i can be estimated from the chemical shift observed for the ␤-ATP peak (␦o␤), using the following equation [25] :
where ␦f␤ and ␦b␤ are the chemical shifts of metal-free and Mg
2ϩ
-bound forms of ␤-ATP, respectively. We have previously shown that KD 'MgATP' , ␦f␤ and ␦b␤ can be described as functions of pH [26] . Thus, equation (2) is rewritten:
KD 'MgATP' at 25ЊC and 37ЊC are expressed as quadratic pH functions [27] :
The pH function of KD 'MgATP' (pHi) at 32ЊC is derived from those at 25ЊC and 37ЊC using the van't Hoff isochore:
TA, TB and TC are absolute temperatures of 25ЊC, 37ЊC and 32ЊC, respectively.) Also, the pH functions of ␦f␤ and ␦b␤ are constructed by fitting the data points of model solutions with sigmoid curves [26] :
(␦fß,d ϭ Ϫ18.59; ␦fß,p ϭ Ϫ19.79; HL ϭ Ϫ1.00; pK ϭ 6.48); (5A) 
Solutions and chemicals
The extracellular solution used for the 'normal' solution had the following composition in mM: NaCl, 137.9; KHCO3 5.9; CaCl2 2.4; MgCl2 1.2; glucose 11.8; HEPES 5 (pH adjusted to 7.4-7.5 at 32ЊC). The ionic composition was modified iso-osmotically. Also, divalent cation-free solutions contained 1 mM ethylenediaminetetraacetic acid. The solutions used for 31 P-NMR measurements were normally aerated with 95%O2/5%CO2. Imipramine was purchased from Sigma (St. Louis, MO, USA).
Statistics
Numerical data are expressed as the mean Ϯ S.D. Differences between groups with different experimental protocols were evaluated by use of ANOVA for repeated measures. When a significant difference was identified between the groups (P Ͻ 0.05), individual comparisons at the same timepoint were performed with an unpaired t-test. -permeable channels. Application of imipramine (100 M) prevented the shift of the ␤-ATP peak in the absence of Na ϩ (Fig. 1 ). This reflected a nearly complete inhibition of Mg 2ϩ efflux down the concentration gradient. ]i increased to only 1.22 Ϯ 0.14 mM after 125 min. (n ϭ 4), whereas changes in pHi were nearly to the same degree, irrespective of the application of imipramine (B). 
Results

Imipramine inhibition of Na
High-energy phosphates
TRPM6 and TRPM7 are primitive large molecules that contain multiple domains of different functions, i.e. channel pore and enzyme (␣-kinase) domains [14] . These proteins are thus referred to as chanzymes. ATP acts as a major buffer for intracellular Mg 2ϩ
, and PCr plays an important role in keeping the phosphorylation potential and kinase activity stable. Also, it has been reported that Mg 2ϩ and MgATP regulate the activity of TRPM7 via the kinase domain [28, 29] . 
Discussion
Cellular Mg 2ϩ is believed to be regulated by Na ϩ -dependent and -independent Mg 2ϩ transport (Fig. 4) ]i regulation revealed that this drug inhibits both influx and efflux of Mg 2ϩ through Na ϩ -independent mechanisms in vascular smooth muscle (Figs 2 and 3) . Mg 2ϩ efflux in particular was nearly completely blocked. The inhibitory effects of imipramine on influx are comparable to and much more potent in efflux than those of 2-APB [21] (Fig. 5) , a well-known TRPM7 blocker [22] . The vascular smooth muscles used in this study (pig carotid artery) express TRPM6 and TRPM7, particularly the latter [21] . homeostasis in the complete organism and at cellular levels, respectively [13, 14, 19] . TRPM6 is abundant in the small intestine and kidney, and loss-of-function mutations are known to cause familial hypomagnesemia by reducing Mg 2ϩ absorption and reabsorption [32, 33] . On the other hand, TRPM7, ubiquitously distributed in the body, is required for cell growth and viability [16, 34, 35] ; 2-APB inhibition of TRPM7 has been shown to cause cell death in cancer cells [36, 37] . These TRPM channels had initially been thought to share the roles of Mg 2ϩ homeostasis by celland tissue-specific expression of either isoform [16, 17] . Recent studies have, however revealed heteromeric formation of TRPM6/7 in numerous cells and tissues [18] [19] [20] [21] . In cultured cells in which either TRPM6 or TRPM7 are transfected, patch clamp experiments have revealed interesting pharmacological effects: 2-APB at several tens of M largely suppresses plasma membrane currents corresponding to TRPM7, whereas it potentiates ionic currents of TRPM6 [38] . These opposing effects of 2-APB can explain our previous observations. Presumably, heterometic TRPM6/7 channels with a minor component of TRPM6 are responsible for the incomplete inhibition of TRPM-like Na ϩ -independent Mg 2ϩ transport at a high concentration (150 M) of 2-APB. The fact that the inhibitory effect of imipramine is comparable or more potent than that of 2-APB suggests that tricyclic antidepressants impair Mg 2ϩ homeostasis. Furthermore, imipramine is also known to inhibit Na deficiency increase the risk of cerebrovascular and cardiovascular disease [10, 11, 13] . It is also known that during myocardial infarction ␤-adrenoceptor activation causes loss of Mg 2ϩ [48, 49] . [19, 38] . Since these ions are required for activation of metalloenzymes, impairment of TRPM6/7 channels is likely to affect cellular metabolism via these divalent cations. Disorders relating to the inhibitory effects of imipramine on the transport of such metal ions are considered to become noticeable after long-term administration. Constipation and urinary retention are common unwanted side effects of imipramine and tricyclic antidepressants [8] . These effects can be attributed to atropine-like inhibition of muscarinic receptor signalling. In addition, it has recently been revealed that interstitial cells of Cajal (ICC) act as gut pacemaker cells employing Ca 2ϩ -associated mechanisms [59] . Together with the fact that the knockdown of trpm7 by use of siRNA eliminates ICC pacemaking in cultured preparations [60] , it is considered that tricyclic ]i is regulated by Na ϩ -dependent and -independent transporters. The former is a Na ϩ /Mg 2ϩ exchanger (EX) and the latter are Mg 2ϩ -permeable heteromeric TRPM6/7 channels. 2-APB incompletely inhibits both inward and outward Mg 2ϩ transport in TRPM6/7 channels [21] . The present study demonstrates that the inhibitory effect of imipramine is comparable in influx to and much more potent in efflux than that of 2-APB in vascular smooth muscle cells. Imipramine is also known to inhibit Na antidepressants block the TRPM-like Ca 2ϩ permeability, essential for maintaining basal Ca 2ϩ influx in pacemaker cells, and thereby cause bowel motility disorders and constipation. In addition, there is an accumulating body of evidence that ICC-like cells exist outside the gastrointestinal tract including in the urinary bladder [61] [62] [63] . Imipramine and antidepressants may cause urinary retention by similar mechanisms.
In conclusion, the present study revealed an inhibitory effect of imipramine on TRPM-like Mg 2ϩ transport. This effect is comparable to or more potent than that of 2-APB, a well known blocker of TRPM7, and can, at least partially, account for the risk of imipramine and other tricyclic antidepressants in vascular disease and functional disorders such as constipation. In future studies, the possible presence of TRPM6/7 isoforms leading to impairment of the transport of Mg 2ϩ and other cations should be taken into consideration. 
